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This paper is the generalization of the rigorous solution obtained in 
rcf. [l] by the present author, on the passage of VLF electromagnetic waves 
through a planostratified magnetoactive ionospheric plasma in case of longi- 
tudinal propagatior,. Here the influence of ions is taken into account and 
the results are applicable in frequencies < 1.5 kc/sec. 

* 
* * 

Under the conditions of ref.[l] the angle between the wave vector and the 
direction of the magnetic field is zero and the magnetic field is perpendicu- 
lar to the layers. When integrating the wave equation in [l], the expression 
for the complex index of refraction was borrowed from [l], in which the motion 
of molecules and ions was not taken into account. This is why all the calcu- 
lations were coiiducted in frequencies f 
the condition U > R ~  (OH king the gyrofrequency of ions), for which the in 
i'luence or  ions is immaterial, 

2 1.5 kc/sec, knowingly satisfying 

In the current paper we bring forth the results of an analogous problem 
taking into account the influence of ions. We used for the initial expression 
of the square of complex index of refraction the formula obtained in ref. [2] 
!-or the case of longitudinal propagation and taking into account the motion of 
positive ions and molecules: 

(*) 0 VI,IY.LVII IONOV NA PROKHOZHDENIYE ELEKTROMAGNITNYKH VOLN SVERKHNIZKOY 
(3 L\STOTY CfERIZ IONOSFERU/ 



2. 

where 

wo = j4zt*z.y/ is the plasma frequency; 6 ) H  = e H o l r n c  is the electron gyrofrequency; 

is the number of collisions of electrons with the ions; 

. v . ~  = 3.21-10-'0 S,,,fF (3) 

is the number of collisions of electrons with molecules; 

V i m  = 8..X. i0-10  smfj (4) 

is the number of collisions of ions with molecules; N is the concentration of 
clectrons; N,,, is the concentration of molecules 
the mass of the electron; M is the mass of molecules and-ions; T is the elec- 
1-on temperature (assumed equal to that of heavy particles). As is shown in [2], 
the additional irilluence of negative ions on the value of the complex index of 
refraction may be approximately taken into account by substituting N in (2) by 
Ni , where Ni = N+ + N 
ve ions. 
rical manner), we shall obtain for Ni 

e and marethe charge and 

is the aggregate concentration of positive and negati- 
Introducing the coefficient A = N- /N, (usually determined in an empi- 

(5) 
m/M = 0, that is ,  if we neglect the influence of 

Ni = ( I  + 2i.) .Y. 

If we postulate in (1) 
ions, we shall obtain for the square of the complex refraction index the expres- 
sion utilized in ref. [l]: 

Thc integration of the wave equation w2th the accounting for the influ- 
ence of ions was conducted in the altitude range from 50 to 200 Ian in the day- 
time model of the ionosphere and in the 75 to 200 km for the night model in the 
frequencies from 50 cps to 5 kc/sec by the method proposed in ref. [l]. Inas- 
iiiuch 3s the ordinary wave does not seep through the ionosphere in the VLF band, 
the calculation was performed only for the extraordinary wave (index 1, upper 
s i g n  in formula (1)). was computed by formulas (1)- (4).  
'The dependences of electron and molecule concentrations on altitude, utilized 
in calculations, are plotted in Fig.1. The dependences N(z) differ little from 
those brought up in ref. [ 3 ,  41 ; the curve Nm(z) was borrowed from ref. [Z] . 
' I n t  grapns of the dependence of electron temperature and ratio m/M on altitude 
(F i s .2 )  are constructed on the basis of data brought out respectively in [SI 

The value of (n - j K) 

m d  [ 3 ]  . 



3.  

'I'hc vxliies of the reflection factor R (i. e., of the ratio of the wave 
:uiiplitudc, rcflcctcd from the lower boundary of the ionosphere to that of the 
i ~ l c  idcnt wnvc) and of thc transmission factor I>, WhiCJ; constitutes the ratio of 
time-avcragcd value of energy flux for the passed wave to the corresponding 
value of thc flux for the incident wave) were computed by formulas ( 6 ) ,  (18) 
of- rcf. 111. 

50 100 100 

Fig. 7 . lkpendence of electron con- Fig.2. Dependence of electron tem- 
centration ( 1 - For the daytime 
model of the ionosphere, 2 - for 
the nighttime model) and of mole- 
cules (3)  on the altitude 

perature (1) and of ratio m/M on 
a1 t i tude 

The obtained dependences of the transmission factors (at 200 lan altitude) 
on frequency are plotted in Fig.3. As may be seen from the diagram, the quan- 
tity D for  the daytime model of the ionosphere has a clearly expressed maximum 
in the neghborhood of the frequency f = 300 cps. 
mum the transmission factor decreases comparatively rapidly: at 50 cps, D = 0.04, 
and at 5 kc/sec D The value of the transmission factor for the night 
model of the ionosphere decreases monotonically with frequency decrease from 
its maximum value D = 0.8 in the frequency of 4 kc/sec to 0.1 in the frequency 
of SO cps. It is necessary to note that the results of calculation brought out 
here for the transmission factors and obtained by way of rigorous solution of 
the wave equhtion, differ substantially from those obtained in ref. [4] in geo- 
metric optics approximation. 

On either side of the maxi- 

0.015. 

?'he results of calculations of the dependence of reflection factor's modulus 
011 Frequency are plotted in Fig .4 .  

In order to estimate the influence of positive ions on the values of the 
transmission and reflection factors, the wave equation was integrated without 
thcir being taken into account and with the utilization of formula ( 6 )  for 
(n - j ~ ) ~  . 
frequency does not then practically vary in the entire frequency range 50 cps- 
5 Mc/s. At the same time the positive ions exert a small influence on the I 

quantity L) in the frequencies f 1 kc/sec. 

The calculations completed have shown that the dependence of IRI on 

'The influence of negative ions on the transmission and reflection factors 



4 .  

_ _ _ ~  

Day t ime 
ionosphere model 

\\TIS a l s o  vcr i f icd.  
the concentration of negative ions in the lower ionosphere, were borrowed 
from r e f .  [6] . 

The experimental values of parameter A ,  characterizing 

[See Table hereaf ter) .  

Nighttime 
ionosphere model 

A 1  t i tude 
above 

ground, krn 

x 

T A B L E  

50 58 68 76 83 73 87 101 

56 10 1 0.1 0.01 10 1 0.1 
I I 

Fig .3 .  i)ependence of thc transmission Fig.4. Dependence of the 
factor  on frequency for  the daytime (Dd, 1) modulus of the re f lec t ion  
rind nighttime (h, 3 )  models of the iono- fac tor  on frequency fo r  
sphere. the daytime (1) and the 
without accounting for t h e  e f f ec t  of posi- nighttime (2) models of 

The curves 2 and 4 are obtained 

t i v e  ions the ionosphere 

Thc cakidations performed have shown tha t  the negative ions do not prac- 

frequency band considered. 
ticall!- a f fec t  the values of D and / R /  , 
i n t o  account i n  the e n t i r e  
agreement wi th  the r e su l t s  of ref. [ 4 ] .  i n  which it was noted t h a t  the account- 
ing for  negative ions does not a f f ec t  the values of n and 
heights of thc ionosphere, where t h e i r  concentration-is maximum. 

obtained without t h e i r  being taken 
This fact is i n  good 

K ,  even a t  those 

I RI  

**** T H E E N D **** 



- 1 -  

ST - RWWP - AI - 10592 5 .  

R E F E R E N C E S  

1 .  V. I .  AKSENOV. Radiotekhnika i Elektronika, - 11, 6, 1030, 1966. 

2. V. L. GINZBLJRG. Rasprostraneniye elektromagnitnykh voln v plazme (Propa- 
gation of Radiowaves in a Plasma)., GIFML, 1960. 

5. ,J. A. IIATCLIFFE. Fizika Verkhney Atmosfery (Physics of the Upper Atmo.- 
sphere). IL (Foreign Literature), GIFML, 1963. 

4.  

5. T. K. BREIS, G. L. GDALEVICH. Kosmicheskiye Issledovaniya, - 3, 6, 877, 1965. 

6 .  Raspredelniye elektronnoy kontsetratsii v ionosfere i ekzosfere (Distri- 
bution of electron concentration in the ionosphere and exosphere). p.132, 

1). S. FLTGEL', Geomagnetizm i Aeronomiya, - 2 ,  5, 886, 1962. 

Izd-vo ''MIR", 1964. 

Tnstitute of Radio Engineering 
m d  Electronics of the USSR 

Academy of Sciences 

Manuscript received on 
26 July 1966 

comucr NO. MS - s - 12 48 7 
1145, 19th S t .  NW 
VOJ,T TECHNICAL CORPORATION 

IS:Y3fIINGTON D. C. 20036 
Tel: 227-6700; 223-4930 

Translated by ANDRE L. B R I C "  

on 22 April 1967 

- 
DISTRIBUTION 

o i l  ( i o ) ,  612 (.6), 613 ( 3 ) ,  614 (5), 615 (lo), 640 (10); balance as usual 


